Hentati-Sundberg, J., Hjelm, J., and Ö sterblom, H. Does fisheries management incentivize non-compliance? Estimated misreporting in the Swedish Baltic Sea pelagic fishery based on commercial fishing effort. -ICES Journal of Marine Science, 71: 1846 -1853. Fisheries management agencies and fishing industry representatives depend on reliable estimates of fish biomass and mortality for the determination of sustainable catch levels. Lack of data or misreporting may be reasons for unreliable stock assessment, which, in turn, may result in advice that does not reflect the availability of fisheries resources. It has been suggested that the mixed pelagic trawl fisheries in the Baltic represent a case of biased estimates of fish biomass and mortality resulting from misreporting. Here, we estimate the degree of misreporting in the Swedish pelagic fishery (1996 -2009) and propose an approach for reconstructing historical catches based on commercial effort data. The analysis suggests that total catches have been underestimated during part of our study period and that systematic misreporting of species composition has taken place over the whole study period. The analysis also suggests that there is overcapacity in the fishery and that such economic incentive could explain the general patterns of misreporting. Applying our method for fisheries with suspected misreporting could significantly improve assessment accuracy, reduce uncertainty and thereby allow for a better link between catches and resource levels.
Introduction
Fish stock assessment provides the foundation for scientific advice to decision-makers on sustainable catch levels. A critical feature of stock assessment methodology is its dependence on accurate commercial data, which makes it susceptible to biased reporting (Walters and Maguire, 1996; Cotter et al., 2004; Bousquet et al., 2010) .
New methods have been developed to reconstruct historical catches and correct for misreporting and underreporting (Zeller et al., 2005 (Zeller et al., , 2007 Rossing et al., 2010; Wielgus et al., 2010) . These methods have primarily been used in cases with little or no official catch (Zeller et al., 2005 (Zeller et al., , 2011a but also in cases with reasonable data coverage (Zeller et al., 2011b) and suggest that real fish removals may have been 30% to 75 times higher than officially reported. The reasons for misreporting and underreporting include e.g. IUU fishing (Agnew et al., 2009) , discard obligation (Kelleher, 2005; Wielgus et al., 2010) and catches from recreational fisheries (Zeller et al., 2011b) . Another potential bias in catch statistics is underreporting or misreporting in highly regulated commercial fisheries (e.g. Roman et al., 2011) . Such misreporting can be driven by fishing fleet overcapacity [resulting from restrictive TACs and/or effort regulations (Patterson, 1998; Beare et al., 2005; Dobby et al., 2008) that create economic incentives for non-compliance (Sumaila et al., 2006; Gallic and Cox, 2006; Ö sterblom et al., 2011) ].
The Baltic Sea fisheries mainly focus on three species: a groundfish fishery on cod (Gadus morhua) and mixed fisheries for the pelagic species sprat (Sprattus sprattus) and herring (Clupea harengus). A dramatic reduction in the cod stock and profit in the late 1980s resulted in increased industrial fisheries for sprat and herring (ICES, 2010) . TACs for sprat and herring in the Baltic Sea were introduced in 1977, but were initially relatively high in relation to the catches and did not limit the fishery until the late 1990s (Hammer et al., 2001) . While the Baltic pelagic mixed fishery is fairly simple in terms of species richness and has a reasonable data collection, the Baltic Sea fisheries assessment Working Group of ICES (WGBFAS) has since 2004 reported that misreporting of species composition exists in this fishery and is considered to negatively affect certainty in the stock assessment (e.g. ICES, 2010) .
Here, we explore the reasons for misreporting and propose an approach for reconstructing historical catches based on commercial effort data. We use our approach to provide new catch estimates for the Baltic Sea Swedish pelagic fishery, corrected for misreporting. The aim of this study is (i) to provide a better understanding of the potential to use commercial effort data to reconstruct total fish catches, (ii) to reconstruct Swedish Baltic Sea catches, and (iii) to identify factors that can explain systematic misreporting in highly regulated commercial fisheries. The analysis also allows us to explore the overall capacity of the fleet in relation to available fishing quotas.
Methods

Data and analysis approach
Our approach builds on a statistical analysis of logbook data for all trawl-fishing operations targeting small pelagic fish (i.e. sprat and herring, trips identified as fishing with mesh size ,50 mm) by all Swedish commercial vessels (n varying annually from 43 -71) from 1996-2009 in the Baltic Sea. The data were provided by the Institute of Marine Research in Lysekil, Sweden. The particular time interval was chosen because it marks an intense stage in the development of this fishery, which ended with the introduction of an individual transferable quota (ITQ) system in 2009. During the study period, Sweden was the country with the highest quotas for herring and sprat in the Baltic Sea, making it an important player to consider in the estimation of total fish catches.
The reliability of reported landings (fishers' logbooks) in the pelagic fishery has been questioned continuously by the WGBFAS since 2004 (e.g. ICES, 2010 . During the study period, the fishing quotas did not follow the abundance trends of sprat and herring (Figure 1a ), which we consider a possible incentive for fishermen to misreport species composition. Here we present an approach for exploring this in detail, and in estimating catch quantities we assume that reported fishing effort is more reliable than reported catches. This assumption is based on the fact that: (i) no fishing effort limitations have been in place during the study period, (ii) the incentive to underreport effort is low due to the absence of restrictions, and (iii) the activity of a fishing vessel is easily monitored by the control agencies, especially in recent years when a growing number of vessels are equipped with AIS (Automatic Identification System) and/or VMS (Vessel Monitoring System) receivers. In contrast, the exact quantities and species composition in this mixed fishery are much more difficult to monitor due to: (i) a low frequency of landing controls, (ii) the possibility of transferring catch between vessels at sea, (iii) a relatively low frequency of biological sampling, and (iv) because the large landing quantities make accurate sampling difficult.
In fisheries where discarding takes place, it is appropriate to discriminate between catches and landings, where the former stands for the total outtake, whereas the latter denote only the fraction of the catch that is landed (catch minus discards). In the mixed fishery explored here, where the catch is first pumped directly from the trawl to refrigerated seawater tanks, and later at the landing site again pumped directly into fish reduction factories in a largely degraded state (Hjelm et al., 2006) , we assume no selectivity or discards, and thus consider catch and landings as synonyms.
Statistical modelling
We used two complementary General Linear Models (GLMs) to estimate total catch quantity for the two species, which we parameterized on trip data for the whole study period (n trips ¼ 26 136). Model 1 was used to estimate species composition, using a log-link function, where a value of 1 implies 100% herring and 0 implies 100% sprat. Model 2 was used to estimate total catch quantities of both species. Explanatory variables used in both models were: total effort, trip length, vessel engine power, depth, latitude, longitude, month, gear and abundance of sprat and herring (Table 1) . The latter were spatially explicit (ICES square, 0.5 * 18) abundance estimates of sprat and herring from the Baltic International Trawls Survey (BITS).
In Model 1, we used the proportion of herring in catch per trip as the dependent variable. Because the fishing quotas have not followed the abundance trends of sprat and herring (Figure 1a ), we constructed a variable based on annual quota skewness, which we included in the fitting procedure of Model 1 (Table 1) .
Model 2 had catch quantity per trip as the dependent variable; y-data was logged to achieve linearity with the predictors. During the study period, fishing fleet capacity did not follow the trend in quotas, leading to a latent yet variable fleet overcapacity ( Figure 1b ). The total fishing capacity was calculated as the sum of catch capacity of all vessels in the fleet, calculated as the 80th percentile of the number of trips per year multiplied by the 80th percentile of the catch capacity per trip, for each 10 gross tonnes vessel size stratum. We acknowledge that using the 100th percentile (maximum value) would have been more straightforward, but we used the 80th percentile to be conservative in our fleet capacity estimate. Overcapacity can be an incentive for underreporting catch quantities (e.g. Ö sterblom et al., 2011), thus to account for possible underreporting, overcapacity was included as a variable in Model 2 (Table 1) . We also added a variable for technological creep to Model 2 to account for a possible increased cpue over time (e.g. Figure 1 . Data used for calculating the quota skewness and overcapacity variables. (a) The percentage of herring out of total (Herring + Sprat) in abundance (black circles) and quota (red triangles). Note that the quota share of herring has not followed the relative abundance. Swedish quotas were taken from official quota regulations (Table S1 ), complemented with unpublished statistics for Swedish quotas (Jarl Engquist, Swedish Agency for Marine and Water Management, personal communication) (Hentati-Sundberg, 2011). (b) Trend in catch capacity of the Swedish fishing fleet (black circles) and total Swedish fishing quota (Herring + Sprat) (red triangles). Note that there has been a latent overcapacity of the fishing fleet during the study period, but also that the distance between the lines has differed, indicating variability in the amount of overcapacity.
Can fisheries management incentivize non-compliance? Table 1 . List of explanatory variables used in the two models, and underlying hypotheses on why to include them in the models. Higher cpue over time Marchal et al., 2007) (Table 1) . We fitted both models with all possible combinations of independent variables and selected the best model(s) using AIC, following Burnham et al. (2010) .
Estimation of catch quantities
Catches were estimated by combining Model 1 for species composition with Model 2 for quantity to predict total catch per species under correct reporting conditions. In practice, the reported effort data per trip was used, but the values of quota skewness (Model 1) and overcapacity (Model 2) were set to 0, i.e. assuming correct reporting. The 95% confidence intervals for the total estimated catches were calculated using 2*standard error of the point estimates. By multiplying the uncertainties from the two models, we consider our approach in calculating the confidence intervals for catch quantities conservative. The sensitivity of the results were tested by: (i) parameterizing the model to individual years in the beginning and end of the time-series and comparing total estimated catches with those of the model for all years, (ii) fitting simpler models (e.g. with only fishing effort (kW * days-at-sea) as an independent variable in Model 2, and (iii) using nonlinear models (GAMs) instead of GLMs.
Results
Model 1: Species composition
The two best models for species composition included the parameters month, gear, mesh size, latitude, longitude, depth, sprat abundance and herring abundance (Table 2) . Additionally, inclusion of the quota skewness parameter significantly improved the model fit (Table 2) , and by using AIC to calculate the relative weight of the two models, the model with the quota skewness parameter was given the weight of 1. The residuals showed a reduced time-dependent pattern when including the quota skewness parameter in the model (Figure 2 ). In general, the signs of the parameters were in line with the predicted relationships based on our hypotheses (Table 1) , with the exception of the sprat abundance parameter, which was hypothesized to have a negative sign, but found to be positive. Both sprat and herring have a seasonal migration pattern, and we speculate that this result is due to the different periods in which the scientific surveys and the major fishing activities were performed. Using a GAM instead of GLM yielded qualitatively similar results. Given Model 1, and assuming that we have Table 2 ).
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captured the essential aspects of fishing effort with our model, we conclude that misreporting of species composition has occurred during the study period, and that we can account for such misreporting in our approach to provide a better estimate of total catches.
Model 2: Catch per unit effort
The best models for cpue included the parameters month, gear, mesh, latitude, longitude, depth, sprat abundance (two of four models), herring abundance, trip length, engine power and total trip length (Table 3) . Inclusion of the overcapacity and technological creep parameters significantly improved the model fit (Table 3) , and by using AIC to calculate the relative weights of the four models, the model including the overcapacity and technological creep parameters was given the weight of 1. The two models that included a technological creep parameter estimated the annual rate of increase to 1.4 and 0.96%, for Models 1 and 3, respectively. The residuals for the model including overcapacity showed a reduced timedependent pattern (Figure 3c and d) , whereas the effect of including technological creep did not clearly change the residual patterns. In general, the signs of the parameters were in line with the predictions (Table 1) , with the exception of the abundance estimate of sprat, which was positive (i.e. in line with our hypothesis) in the best model, but negative in the fourth model, and herring abundance, which was negative in all models. In parallel with the explanation in the previous paragraph, this may be because of the seasonal movement of sprat and herring, which limits the comparability of the abundance estimates and the catch reports. Models that completely omitted the abundance estimates yielded similar results, which led Table 3 ).
us to conclude that our general conclusions are robust despite this possible bias.
As the inclusion of overcapacity significantly improved the fit of the catch per effort relationship, we conclude that underreporting of catch quantities has occurred during the study period. An alternative explanation to our results could be that a large fraction of the catch was discarded in the years with high overcapacity. We find this unlikely, however, mainly because this is a large-scale and expensive fishery to operate, and that a possible adaption to low quotas would come in the form of decreased fishing effort (which we would have observed in our analysis) rather than maintained high effort and low landed quantities.
Estimation of total catch quantities
Using Model 1 and Model 2 with the best subset of parameters (Tables 2 and 3) , and setting the quota skewness and overcapacity variables to 0 (thus assuming correct reporting), the estimated catches for sprat and herring departed significantly from those officially reported for the Swedish fishing fleet during the study period (Figure 4) . While the official catch data suggest a similar pattern for the two species, with high quantities in the first years of the timeseries followed by a rapid decline then later a small increase, our estimations suggest a gradual decline for herring catches and a late peak in the sprat catches (Figure 4 ). Although we have calculated the confidence intervals conservatively, estimated catches for herring significantly exceeded the official catches in 2002-2006, whereas the estimated catches were actually lower than the official data during the first years of the time series (1996 -2000) . For sprat, the estimated catches were significantly higher than the officially reported catches in 2002-2009, whereas the estimated catches were lower than official data in 1997. Note that the estimation of herring and sprat are interdependent through Model 1 for species composition, which implies that both the lower and upper bounds in the estimations cannot at the same time be true for both species.
Discussion
Our study suggests that there has been substantial misreporting in the Swedish pelagic fishery, both in terms of total catch quantities but also in species composition. Fisheries for small pelagics are increasing globally, with unknown consequences for marine ecosystems (Smith et al., 2011) . Small pelagic fish form an important component in marine foodwebs (Cury et al., 2000 (Cury et al., , 2011 and ensuring compliance with regulations in this rapidly developing fishery is thus critical.
Over the whole study period, we identified misreporting on the basis that model versions that included quota skewness and overcapacity parameters performed better (Tables 2 and 3) and that the time patterns in the residuals were diminished in those models (Figures 2  and 3) . Although having data to capture arguably the most relevant aspects of fishing effort (vessel size, season, area, depth, gear type, mesh size and abundance per species), we recognize the theoretical possibility that similar results could have been obtained if fishers had changed their effort in some aspects that we didn't measure in order to change the species composition in the catches. Likewise, discarding large quantities could theoretically have occurred in order to keep landing quantities low in cases where catches exceeded the fishing quotas. However, we consider these alternative explanations unlikely and think that these factors, if present, have had minor influence on the overall results. Our main argument is that the magnitude of the estimated misreporting is so large that any adaption from the fishers to comply with the (insensible) regulations would have been captured in our detailed account of fishing effort.
Over time, the results indicate different phases of misreporting in this fishery. In the beginning of the time-series, the estimated catch quantities of herring (1996) (1997) (1998) (1999) (2000) and sprat (1997) were lower than those officially reported, which was unforeseen and does not fit any prespecified hypothesis. Even though this can be a model artefact (see residuals in Figure 3) , we think the most likely explanation is that our Model 2 underestimated catches during the whole period, which gives the impression that the first period was characterized by "over-reporting" of herring. Results from bioeconomical modelling of the Swedish pelagic fleet using official data suggest that the cost of operating this fishery has been higher than the benefits, given the reported catch quantities (Anonymous, 2006a) . Thus, it is highly unlikely that catches would have been overreported any time during the study period.
In the middle period (2002) (2003) (2004) (2005) (2006) (2007) , there was an estimated underreporting of both sprat (57%) and herring (48%). The underreporting we identify is corroborated by the fact that several Swedish fishermen were convicted for underreporting in logbooks, trading with sales notes and transferring catch from foreign vessels in a situation of filled Swedish quotas as late as in December 2008 (Gothenburg District Court, 2012 . Finally, in the last part of the time-series, we observe that sprat was underreported to a lesser degree, and our estimates of herring catches were close to observed catches (Figure 4 ). This result is in line with the fact that the overcapacity was reduced (Figure 1b) and that the species skewness was smaller when compared with the beginning of the time-series (Figure 1a) . This study suggests that there has been a large overcapacity in the Swedish pelagic fishing fleet. On average the catch capacity of the fleet was 137% higher than the Swedish quota for pelagic species (Figure 1b. ). There are several reasons for the overcapacity in the Swedish fleet. In the beginning of the time-series, overcapacity built up when many vessels that targeted cod switched to pelagic species due to a decline in the cod stock and the cod quota. The overcapacity during the middle period (2002 -2007) is partly explained by the fact that vessels that had targeted pelagic species off the Swedish West coast and in the North Sea moved into the Baltic Sea. Importantly, in both periods, the Swedish government authorities supported this capacity transfer; subsidies were even offered for vessel construction and rebuilding (Anonymous, 2004) . At the end of the study period, the authorities started to reduce the options for changing target species and the opportunities for vessels to enter the Baltic pelagic fisheries (Anonymous, 2006b ). The system of Can fisheries management incentivize non-compliance? regulating fishing capacity was finally changed through the introduction of ITQs in 2009 (Anonymous, 2009) , which has further, drastically, reduced the fleet size (Berggren, 2013) .
Our analysis suggests a decoupling between fisheries management and available resources, which can be observed at different levels. First, persisting overcapacity suggests fleet management decoupled from the resources available, creating economic incentives for underreporting. Second, TACs being decoupled from the biological reality has created incentives for misreporting of species composition in this mixed species fishery. Third, lack of sensible national management actions, viewed here as the capacity transfer to the Baltic Sea pelagic segment, has reinforced overcapacity. These turns of events have resulted in non-compliance and species misreporting, reinforcing the decoupling between management and the resources. The findings are supported by theoretical work, suggesting that reinforcing social -ecological feedback between overcapacity, reduced fishing quotas and underreporting of catch quantities are important in preventing recovery in European fish stocks (Ö sterblom et al., 2011) . A vicious circle involving increased misreporting or discarding is also leading to a decline in stock assessment quality. Basing political decisions on uncertain assessments is problematic (Walters and Maguire, 1996; Kraak et al., 2009; Gårdmark et al., 2011) and can potentially contribute to a decrease in the credibility and legitimacy of fisheries science. Further, results from stock assessments are widely used to describe ecosystem processes in the Baltic Sea context (e.g. Möllmann et al., 2005; Casini et al., 2008 Casini et al., , 2009 , indicating the broad implications of the findings in this study.
This paper presents a chain of events that has resulted in misreporting in the Swedish pelagic fishery, both in terms of total catch quantities and in species composition. We argue that the major challenge now is to transform policies and management in order to change misdirected incentives and undesirable feedbacks and, ultimately, to recouple policies, management and players to the dynamics of the biological resources .
